In Brief
Neuroscience and psychology concern memory maintenance and forgetting.
Zhang et al. demonstrate that learningactivated Raf/MAPK pathway actively protects labile memory for hours. This active protection, combined with suppression of Rac1-dependent active forgetting, fully blocks labile memory forgetting.
INTRODUCTION
The most striking feature of a labile memory is its inevitable decay. The recently proposed concept of active forgetting (Berry et al., 2012; Inoue et al., 2013; Liu et al., 2016b; Shuai et al., 2010; Zhang et al., 2016) describes an intrinsic mechanism that at least partially explains the inevitability: learning itself activates active forgetting to accelerate the decay of a formed memory. In addition to the above intrinsic forgetting mechanism, various experiences can also impact the preservation or decay of a labile memory. Associative experiences such as interference and reversal learning act through active forgetting to accelerate memory decay (Cervantes-Sandoval et al., 2016; Liu et al., 2016b; Shuai et al., 2010; Zhang et al., 2016) . Other non-associative experiences, such as electric shock (McGaugh, 1966) , temperature changes (Riccio et al., 1968) , and reactivation of conditioned stimulus (Schwaerzel et al., 2002) , may also perturb the stability of a labile memory. Mechanisms underlying such forgetting phenomena remain to be determined. Thus, complete prevention of labile memory decay has not been achieved, as we have been unable to suppress all contributing factors that lead to forgetting.
Extensive studies of the formation and active forgetting of fast-decaying labile memory in Drosophila aversive olfactory classical conditioning tasks (for reviews, see Davis, 2005; Davis and Zhong, 2017; Heisenberg, 2003; Keene and Waddell, 2007; Margulies et al., 2005) provide us with a unique opportunity to dissect the molecular features associated with distinct forgetting components activated by learning-similar versus learningdissimilar experiences. In Drosophila, a single trial of aversive classical conditioning yields at least two identifiable memory components, which can be readily isolated using cold-shock anesthesia: a labile anesthesia-sensitive memory that largely decays in 3-6 hr, and a consolidated anesthesia-resistant memory that lasts for about 24 hr (Quinn and Dudai, 1976; Tully et al., 1994) . Activation of the dopamine receptor dDA1-dependent cAMP pathway in the mushroom body (MB) g lobe is a major contributor to labile memory formation (Kim et al., 2007; Qin et al., 2012) . In contrast, aversive classical conditioning itself also activates the dopamine receptor DAMB-dependent Rac1 pathway to accelerate decay of the formed labile memory (Berry et al., 2012; Cervantes-Sandoval et al., 2016) . The molecular mechanisms underlying Rac1-dependent active forgetting and its role in mediating the behavioral effects of associative experiences, such as interference, are all highly conserved, not only from flies to mice, but also among different categories of memory, from classical conditioning to object recognition memory (Liu et al., 2016b; Shuai et al., 2010) . More importantly, suppression of active forgetting through the inhibition of Rac1 activity only slows down the decay rate, but cannot fully stop labile memory decay (Shuai et al., 2010) . This suggests the presence of other forgetting components that are mechanistically independent of active forgetting.
Indeed, characterization of the effects of non-associative experiences on labile memory has allowed us to demonstrate the presence of distinct forgetting mechanisms that mediate the decay of the identified labile memory. Our data suggest that suppression of Rac1-dependent active forgetting cannot prevent the forgetting induced by non-associative experiences, such as electric shock, temperature changes, and reactivation of conditioned stimulus. Studies of such forgetting components have allowed the identification of an active protection mechanism. Namely, learning activates the Raf/MAPK pathway to protect the identified labile memory from disruption by Rac1-independent forgetting or forgetting induced by non-associative experiences. For the first time, we are able to fully stop labile memory decay by suppressing both Rac1-dependent and Rac1-independent (Raf-suppressed) forgetting components. The discovery of active protection has allowed us to adopt a novel viewpoint regarding learning, as elaborated in the discussion section.
RESULTS

Learning Activates Raf/MAPK Activity in a Brain Region Where Labile Memory Is Formed
Learning-activated Raf/MEK/MAPK pathway plays an essential role in the consolidation of long-term memory (Adams and Sweatt, 2002; Sweatt, 2001; Thomas and Huganir, 2004) , including that in Drosophila Pagani et al., 2009) . However, how learning-induced Raf/MAPK activity affects labile memories lasting for hours remains controversial (Berman et al., 1998; Brambilla et al., 1997; Chen et al., 2006; Giese et al., 2001; Kushner et al., 2005; Moressis et al., 2009; Shobe et al., 2009; Skoulakis and Davis, 1996) . To determine how such activity regulates labile memory decay in Drosophila, we first collected head samples from flies exposed to naive and trained conditions. We then used western blot to examine the mechanisms by which classical conditioning affects MAPK activity and whether this learning-dependent activity can be modulated by pharmacological or genetic manipulation.
In control flies with wild-type genetic background (w
1118
(isoCJ1)), learning evoked a significant increase in the levels of activated MAPK (phosphorylated MAPK, P-MAPK) ( Figure 1A , U0126À group). This increase occurred immediately after training (0 min) and peaked after about 15 min. P-MAPK levels returned to baseline after 30 min. Consistent with our previous study (Pagani et al., 2009) , we observed no training-dependent activation of MAPK 15 min after unpaired or backward training, which does not produce associative learning (Tully and Quinn, 1985) ( Figures S1A and S1B ). This suggests that the observed MAPK activation is specific to associative conditioning. Feeding of U0126 (20 mM), which is an extensively used pharmacological inhibitor of the MAPK pathway (Thomas and Huganir, 2004) , has been reported to effectively impair long-term memory at the behavioral level in Drosophila . Here, we found that U0126 feeding (20 mM) did not affect MAPK activity in naive flies ( Figure S1C ), although it reduced the peak and shortened the duration of the learning-induced MAPK activation ( Figure 1A , U0126+ group). Since the MB is believed to be a center of olfactory learning in Drosophila (Heisenberg, 2003; Keene and Waddell, 2007; McGuire et al., 2005) , we next sought to modulate traininginduced MAPK activation through genetic manipulation confined within the MB. We acutely expressed the transgene UAS-Raf-GOF, which encodes a constitutively active Raf kinase, which is a classical upstream regulator of MAPK (Brand and Perrimon, 1994 ). This was achieved by feeding the flies RU486, which activates an inducible MB-specific driver (MB-GS) (Mao et al., 2004 ) ( Figure S1D ). As shown in Figure 1B , induction of the expression of Raf-GOF in MB (MB-GS/UAS-Raf-GOF, RU486+) resulted in prolonged training-induced MAPK activation (from 15 to 30 min after training) when compared to control treatment in the uninduced group (MB-GS/UAS-Raf-GOF, RU486À). Acute knockdown of Raf in the MB using two independent RNAi constructs (MB-GS/UAS-Raf-RNAi-5742 or MB-GS/ UAS-Raf-RNAi-5796, RU486+) led to significant attenuation of the training-induced MAPK activation relative to the uninduced control group (RU486À) ( Figures 1C and 1D ). For all control groups (white bars; Figures 1A-1D ), training-induced MAPK activation seemed to be slightly different across genotypes. However, the changes of training-induced MAPK activation were all significant after pharmacological and genetic manipulations of Raf/MAPK activity. Interestingly, none of these manipulations of Raf in the MB significantly affected MAPK activity in the naive condition ( Figures S1E-S1G ).
Because the MB g lobe is a critical site for the acquisition of aversive olfactory labile memory (Boto et al., 2014; Guven-Ozkan and Davis, 2014; Hige et al., 2015; Qin et al., 2012; Zhang and Roman, 2013) , we examined P-MAPK expression in the g lobe using immunofluorescence. For this experiment, brains from flies exposed to the naive or trained condition were dissected and quickly fixed (15 or 60 min after training). GFP expression was driven by 5-HT1B Gal4 ( Figure S1H ), which led to strong preferential labeling of g neurons (Shyu et al., 2017; Xie et al., 2013; Yuan et al., 2005) . GFP expression was used as a control signal. Consistent with our western blot results, we detected significantly higher levels of P-MAPK reactivity (but not GFP expression) in the g lobe 15 min (but not 60 min) after one-session training than in naive control flies ( Figures 1E-1G ). Thus, aversive olfactory learning evokes MAPK activation, which can be modulated by Raf activity in the brain region where labile memory is formed.
Labile Memory Retention, but Not Acquisition, Is Bidirectionally Regulated by Raf/MAPK Activity in g MB Neurons The short-term MAPK activation evoked by learning led us to ask whether this activation affects labile memory. To address this question, we first tested memory retention at different time points after one-session training in flies overexpressing the Raf-GOF transgene driven by a pan-neuronal and RU486 feeding-dependent inducible driver, elav-GS (Osterwalder et al., 2001 ). Raf-GOF-expressing flies (elav-GS/UAS-Raf-GOF, RU486+) displayed slower memory decay (at 1, 2, 3, 6, 12, and (B) Significant persistence of learning-induced MAPK activation in Raf-GOF-expressing flies (MB-GS/UAS-Raf-GOF, RU486+) when compared to control flies (RU486À) (n = 6). Two-way ANOVA followed by Bonferroni's post hoc test was performed (Interaction F (4, 50) = 1.241, p = 0.3057; Row Factor F (4, 50) = 14.60, p < 0.0001; Column Factor F (1, 50) = 15.44, p = 0.0003). (C) Acute knockdown of Raf in the MB (MB-GS/UAS-Raf-RNAi-5742, RU486+) attenuated the MAPK activation evoked by learning when compared to the control group (RU486À) (n = 7). Two-way ANOVA followed by Bonferroni's post hoc test was performed (Interaction F (4, 59) = 2.237, p = 0.0759; Row Factor F (4, 59) = 21.61, p < 0.0001; Column Factor F (1, 59) = 29.86, p < 0.0001). (D) Acute knockdown of Raf in the MB (MB-GS/UAS-Raf-RNAi-5796, RU486+) attenuated the MAPK activation evoked by learning when compared to the control group (RU486À) (n = 7). Two-way ANOVA followed by Bonferroni's post hoc test was performed (Interaction F (4, 59) = 0.9394, p = 0.4476; Row Factor F (4, 59) = 16.38, p < 0.0001; Column Factor F (1, 59) = 11.64, p = 0.0012). (E-G) Immunofluorescence data obtained in the g lobe of the fly MB. Flies (UAS-mCD8::GFP/+; 5-HT1B/+) expressing GFP signals in the g lobe were used. Brain samples from flies exposed to the naive condition or one-session training (TR) at different time points (15 or 60 min) were dissected. (E) Representative confocal views of the g lobe. Red, P-MAPK signals; green, GFP signals. Scale bar, 10 mm. (F and G) Summary data showing the mean intensities of P-MAPK (F) and GFP (G). The data are normalized to those obtained in the naive group and shown as box and whiskers. The line inside the box indicates the median and the top and bottom represent 75% and 25% percentiles, respectively. Whiskers, min to max (n = 16). *p < 0.05. n.s., non-significant. See also Figure S1 . 24 hr) and similar memory acquisition (at 3 min) when compared to their parental control flies (elav-GS/+ and UAS-Raf-GOF/+, RU486+) ( Figure 2A ). As expected, no significant differences among the groups were observed in the uninduced condition (RU486À) ( Figure S2A ).
To further confirm that memory acquisition is not affected by Raf activity, we performed additional experiments. We attenuated training intensity by decreasing either the intensity of the electric shock (from 60 to 40 or 20 V) or the number of shock pulses (from 12 to 4 or 2). We then reexamined the immediate memory of the flies. We observed no significant differences between Raf-GOF-expressing flies (elav-GS/UAS-Raf-GOF, RU486+) and uninduced control flies (elav-GS/UAS-Raf-GOF, RU486À) ( Figure 2B) .
We investigated the features of the prolonged memory in Raf-GOF-expressing flies. According to previous studies, labile memory is easily disrupted by rapid cold-shock anesthesia, while consolidated memories, including both anesthesia-resistant memory and long-term memory, are not (Krashes and Waddell, 2008; Li et al., 2016; Quinn and Dudai, 1976) . Cold-shock treatment (CS+) of the flies 1 hr before testing abolished the elevated memory performance in Raf-GOF-expressing flies 3 or 24 hr after training. This indicates that the prolonged memory was not consolidated, but was labile ( Figure 2C ).
The MB is an important center of learning (Davis, 2005; Heisenberg, 2003; Keene and Waddell, 2007) and manipulation of Raf in the MB modulates training-induced MAPK activation ( Figures 1B-1D ). We thus predicted that Raf would regulate labile memory decay in the MB. To test this hypothesis, we manipulated Raf using MB-GS, which is an MB-specific driver. Compared to flies in the parental control groups (MB-GS/+ and UAS-Raf-GOF/+, RU486+), those with elevated Raf activity in the MB (MB-GS/UAS-Raf-GOF, RU486+) had enhanced memory performance 3 hr after training. We observed no significant differences between flies in the uninduced condition (RU486À) ( Figure 2D ). Similar behavioral phenotypes were observed 6 hr after training ( Figure S2B ). Acute knockdown of Raf in the MB (MB-GS/UAS-Raf-RNAi-5742 or MB-GS/UASRaf-RNAi-5796, RU486+) resulted in decreased memory retention 3 hr ( Figure 2E ), but not 3 min ( Figure S2C ), after training when compared to control treatment. We observed a similar effect 1 hr after training ( Figure S2D ).
The MB contains $2,000 intrinsic neurons called Kenyon cells (KCs), which are further divided into three major types: g neurons ($675), a/b neurons ($1,000), and a 0 /b 0 neurons ($350) (Aso et al., 2009 (Aso et al., , 2014 Tanaka et al., 2008) . We sought to determine whether g neurons in the MB were sufficient to support Rafmediated memory regulation for two reasons. First, g neurons are believed to be a primary location for the acquisition and expression of early memory (Boto et al., 2014; Guven-Ozkan and Davis, 2014; Hige et al., 2015; Qin et al., 2012; Zhang and Roman, 2013) . Second, in the current study, MAPK signals in g neurons were responsive to learning ( Figures 1E-1G ). To manipulate Raf in g neurons, we combined specific Gal4 lines (5-HT1B for g neurons and C739 for a/b neurons) used previously (O'Dell et al., 1995; Shyu et al., 2017; Xie et al., 2013; Yuan et al., 2005) with another inducible expression system called TARGET, which relies on a temperature shift to induce transgene expression (McGuire et al., 2004) . Flies with acute overexpression of Raf-GOF in g neurons (Gal80 ts /+; 5-HT1B/UAS-Raf-GOF), which did not affect learning-relevant sensorimotor responses (Table S1) (Figures 2G and S2E) . As expected, we observed no significant behavioral changes in flies in the uninduced condition ( Figure 2H ). Considering the behavioral effects of manipulating Raf within g neurons ( Figures 2F-2H ) on labile memory and the fact that learning evokes MAPK activation in the g lobe ( Figures 1E-1G ), it is reasonable to hypothesize that MAPK is necessary for labile memory retention. We knocked down MAPK expression in g neurons using two independent RNAi constructs described previously .
Flies with reduced MAPK expression (Gal80 ts /+; 5-HT1B/UAS-MAPKRNAi-31524 or Gal80 ts /+; 5-HT1B/UAS-MAPK-RNAi-34855,
induced) exhibited decreased memory performance 3 hr after training when compared to those in the control group (Gal80 ts /+; 5-HT1B/+). No significant differences were observed in the flies in the uninduced condition ( Figure 2I ). To further confirm that learning-induced Raf/MAPK activity is required for memory retention, but not acquisition, we blocked Raf-mediated MAPK activation using two different drugs: U0126, which is a specific inhibitor of MEK (classical downstream effector of Raf) (Thomas and Huganir, 2004) , and rigosertib, which is a specific inhibitor of Ras (classical upstream regulator of Raf) (Athuluri-Divakar et al., 2016) . Consistent with our genetic data, feeding of U0126 or rigosertib did not affect immediate memory 3 min after training, but accelerated subsequent memory decay (Figures S2F and S2G) .
Raf-Suppressed Forgetting Is Distinct from Rac1-Mediated Active Forgetting According to our previous study (Shuai et al., 2010) , labile memory can be prolonged by suppressing Rac1-mediated active forgetting in the MB. However, the loss of early labile memory still occurs, indicating that other forgetting mechanisms may be present. Here we found that increased Raf/MAPK activity in MB g neurons leads to prolonged retention of labile memory, similar to suppression of Rac1-mediated forgetting ( Figure 2 ). We thus wondered whether Raf might regulate a new forgetting mechanism parallel to Rac1-mediated active forgetting. To answer this question, we used two previously reported transgenes, UAS-Rac1-DN (dominant-negative mutant) and UAS-Rac1-CA (constitutively active mutant), to suppress or accelerate Rac1-dependent forgetting (Shuai et al., 2010) . We observed no memory decay in the first 3 hr and strikingly prolonged memory retention at later times (until 24 hr after training) when compared to the genetic control group (elav-GS/+, RU486+) or the uninduced control group (elav-GS, UAS-Raf-GOF/UAS-Rac1-DN, RU486À) when we blocked both Raf-suppressed forgetting and Rac1-mediated active forgetting (elav-GS, UAS-Raf-GOF/ UAS-Rac1-DN, RU486+) ( Figures 3A and S3A ). This striking Transgene expression was induced by RU486 feeding (A-E) or increased temperature (F-I). (A) Memory retention curves after one-session training. All groups were fed RU486 to induce transgene expression. Acute overexpression of Raf-GOF in neurons (elav-GS/UAS-Raf-GOF, red line) slowed down memory decay (1, 2, 3, 6, 12, and 24 hr after training), but not immediate acquisition (3 min after training), when compared to the parental control groups (elav-GS/+ and UAS-Raf-GOF/+). p = 0.4981 for 3 min, p = 0.0482 for 1 hr, p = 0.0011 for 2 hr, and p < 0.0001 for 3, 6, 12, and 24 hr when compared to the elav-GS/+ control group (dark line). p = 0.0611 for 3 min, p = 0.0005 for 1 hr, and p < 0.0001 for 2, 3, 6, 12, and 24 hr when compared to the UAS-Raf-GOF/+ control group (gray line) (n = 8).
(B) Immediate memory performance after one-session training with varying voltage (from 60 to 40 or 20 V, left) or pulse number (from 12 to 4 or 2, right) of the electric shock used as reinforcement for aversive conditioning (n = 8-12). (C) Improved performance in the Raf-GOF-expressing flies (RU486+) 3 (left) and 24 hr (right) after training was blocked by cold-shock treatment (CS+) performed 1 hr before testing (n = 6-8).
(D) Acute overexpression of Raf-GOF in MB neurons (MB-GS/UAS-Raf-GOF, RU486+) led to improved 3-hr memory performance when compared to parental controls (MB-GS/+ and UAS-Raf-GOF/+, RU486+). No significant differences were observed in the uninduced groups (RU486À) (n = 8).
(E) Acute knockdown of Raf in MB neurons (MB-GS/UAS-Raf-RNAi-5742 and MB-GS/UAS-Raf-RNAi-5796, RU486+) resulted in decreased 3-hr memory performance when compared to the control group (MB-GS/+, RU486+). No significant differences were found in the uninduced groups (RU486À) (n = 12). Results with error bars are means ± SEM. *p < 0.05. n.s., non-significant. See also Figure S2 and Table S1 .
effect was not due to altered learning-relevant sensorimotor responses (Table S1 ). If these two forgetting mechanisms are parallel and coexist, one would expect to observe additive effects.
We first compared memory performance 3, 6, and 24 hr after training in control flies (elav-GS/+, RU486+), Raf-GOF-expressing flies (elav-GS/UAS-Raf-GOF, RU486+), Rac1-DN-expressing flies (elav-GS/UAS-Rac1-DN, RU486+), and flies expressing both Raf-GOF and Rac1-DN (elav-GS, UAS-Raf-GOF/UASRac1-DN, RU486+) ( Figure 3B ). Both Raf-GOF-expressing flies and Rac1-DN-expressing flies had significantly better performance than control flies, consistent with our current and previous findings (Shuai et al., 2010) . Strikingly, expressing both Raf-GOF and Rac1-DN prominently enhanced memory performance when compared to expression of either Raf-GOF or Rac1-DN. Second, we examined 3-hr memory retention in flies expressing both Raf-GOF and Rac1-CA (elav-GS, UAS-Raf-GOF/UAS-Rac1-CA, RU486+) ( Figure 3C ). Consistent with our previous findings (Shuai et al., 2010) , Rac1-CA-expressing flies exhibited significantly decreased performance. Of note, overexpressing both Raf-GOF and Rac1-CA led to an additive effect on memory performance. Third, we manipulated Rac1 activity and inhibited the Raf/MAPK pathway using U0126 at the same time. Memory performance in flies overexpressing Rac1-DN that were fed U0126 was poorer than that in flies overexpressing Rac1-DN without U0126 feeding and better than that in flies fed U0126 alone with no Rac1-DN overexpression ( Figure 3D ). The combination of overexpressing Rac1-CA and feeding of U0126 led to further memory deterioration when compared to each treatment alone ( Figure 3E ). In addition, we found that overexpression of Rac1-DN in the MB did not affect learning-induced MAPK activation, which can be modulated by manipulating Raf activity ( Figures 1B-1D and S3B ). Together, these data support See also Figure S3 and Table S1 .
the idea that Raf/MAPK-suppressed forgetting and Rac1-mediated forgetting are independent from each other and have additive effects ( Figure 3F ). Although we observed additive effects of manipulations of Raf and Rac1 pathway in regulating decay or time-based forgetting of labile memory, indicating they are parallel and independent, it is still possible that Raf and Rac1 may act on the same targets if manipulations of them are not saturating. To further support the idea that Raf and Rac1 pathway is parallel and independent in regulating forgetting, we next sought to determine whether the two proteins might specifically regulate different types of forgetting. Since Rac1 activity is known to regulate forgetting processes induced by aversive associative experiences, such as reversal learning and interference (Shuai et al., 2010) , we focused on forgetting processes for non-associative experiences, such as sensory stimulation. We found that 1-hr memory was prominently inhibited in uninduced control flies (RU486À) after three kinds of disruption following training: temperature-induced stress ( Figure 4A ), electric shock stress ( Figure 4B ), and odor reactivation ( Figure 4C) . Memory loss or forgetting caused by all of the above disruption mechanisms was significantly suppressed by elevated Raf activity, but was not affected by inhibition of Rac1-mediated forgetting. In contrast, elevated Raf activity did not affect forgetting processes induced by reversal learning ( Figure 4D ) or interference ( Figure S4 ), which are suppressed by inhibition of Rac1 activity ( Figure 4D ) (Shuai et al., 2010) . Taken together, our findings demonstrate that Raf suppresses a novel forgetting mechanism distinct from Rac1-mediated active forgetting. Unlike Rac1-mediated forgetting, which is actively initiated by training, this type of forgetting is induced by non-associative experiences and suppressed by training-induced Raf/MAPK activity. We (A-C) Heat stress (A), electric shock stress (B), and odor reactivation (C) all decreased 1-hr memory in uninduced control flies (white bars, RU486À). Overexpression of Raf-GOF (red color, RU486+), but not that of Rac1-DN (yellow color, RU486+), led to significant resistance against each type of disruptionbased memory loss (n = 12). Results with error bars are means ± SEM. *p < 0.05. n.s., non-significant. (D) Uninduced control flies (white bars, RU486À, n = 6-8) had significantly lower memory performance in reversal learning when compared to learning. Overexpression of Rac1-DN (yellow color, RU486+, n = 8), but not that of Raf-GOF (red color, RU486+, n = 10), significantly decreased the performance index in reversal learning. Results with error bars indicate means ± SEM. *p < 0.05. n.s., non-significant. See also Figure S4 . 
(legend continued on next page)
thus use the term Raf-suppressed forgetting to describe this type of forgetting.
Phenotypic Characterization of the Downstream Effector of Raf in Memory Protection
We have thus far shown that the training-activated Raf/MAPK pathway protects labile memory by blocking Raf-suppressed forgetting. As many effectors can be activated by this pathway, we set out to find its critical downstream effectors. Qualified effectors of this pathway should meet at least three requirements:
(1) it should be activated by MAPK directly or indirectly, (2) its activation should be close to training-activated MAPK signal, and (3) it should mimic all memory protection behavioral phenotypes produced by Raf without having further additive effects to that of Raf in the regulation of forgetting. We first performed 3-hr memory behavioral screen by acutely manipulating over 20 potential candidate genes (Table S2 ). These genes met two criteria: they were downstream effectors of Raf and regulators of actin cytoskeleton that may be important for regulation of synaptic functions. Only manipulation of the sqh gene, which encodes the regulatory light chain of non-muscle myosin II (NMII), led to 3-hr memory enhancement. We thus focused on this gene and found it to be a qualified candidate. First, Sqh has been reported to be an effector of the Raf/MAPK pathway (Huang et al., 2004; Klemke et al., 1997; Nguyen et al., 1999) . Second, using super-resolution immunofluorescence (both Airyscan and STED), we found that activated Sqh was very close to activated MAPK at presynaptic sites ( Figure 5A ). We used the STaR (synaptic tagging with recombination) system (Chen et al., 2014) , which allows us to tag the endogenous active zone protein Bruchpilot (BRP) in defined neurons, to label the active zones of g neurons. Figure 5A shows endogenous BRP signals in g neurons (blue color) observed using the anti-V5 antibody (in MB-GS/STaR, RU486+ flies). Activated MAPK (P-MAPK, red color) and activated Sqh (P-Sqh, green color) were detected using anti-P-MAPK and anti-P-Sqh antibodies, respectively. The top panel of Figure 5A shows an image of the whole g lobe and partial magnification obtained using Airyscan microscopy (140 nm laterally and 400 nm axially). Activated MAPK and Sqh are observed close to each other in the active zones of g neurons. This finding was confirmed using another super-resolution microscopy technique: STED (40 nm laterally and 130 nm axially) (bottom panel, Figures 5A  and S5A ). Using the same method in control experiments, we found that endogenous BRP signals did not overlap with glial cell-expressed GFP signals, which are known to not be localized at presynaptic sites ( Figure S5B ). Consistently, NMII is also found at presynaptic sites at the neuromuscular junction in Drosophila and is an active contributor to the physiology of synaptic vesicle recruitment (Seabrooke and Stewart, 2011) . Third, we demonstrated that Sqh could mimic all of the behavioral phenotypes of Raf and that it had no further additive effects on forgetting based on three lines of evidence. (1) We used two widely used phosphorylation mutant variants of Sqh to manipulate its activity: Sqh-EE (constitutively phosphorylated form) and Sqh-AA (unphosphorylated form) (Jordan and Karess, 1997; Winter et al., 2001) . Two-and 3-hr memory performance, but not 3-min memory performance, was significantly enhanced following the acute overexpression of Sqh-EE and attenuated following the acute overexpression of Sqh-AA in g neurons in the MB ( Figures  5B and S5C ). In addition, acute knockdown of Sqh expression using two independent RNAi constructs (UAS-sqh-RNAi-1223 and UAS-sqh-RNAi-1868) impaired 2-( Figure S5D ) and 3-hr (Figure 5B ) memory performance. This indicates that endogenous Sqh is required for memory retention. (2) As shown in Figure 5C , both Raf-GOF-expressing flies and Sqh-EE-expressing flies had enhanced memory performance 3 and 6 hr after training. Of note, flies expressing both Raf-GOF and Sqh-EE did not have further enhancements in 3-and 6-hr memory. (3) Like Raf-GOFexpressing flies, Sqh-EE-expressing flies displayed significant resistance to disruptions, including heat stress, electric shock stress, and odor reactivation ( Figures 5D-5F ).
Elevated Raf Activity Stabilizes the Synaptic Size Increase Evoked by Learning
Since phosphorylation of Sqh regulates the activation of NMII, which is reported to be required for the stabilization of synaptic plasticity (Rex et al., 2010) , we hypothesized that Raf protects memory by stabilizing learning-induced synaptic plasticity. The STaR system has been successfully used to study structural synaptic plasticity, as reflected in changes in BRP levels (Chen et al., 2014; Liu et al., 2016a; Sugie et al., 2015) . We thus used MB-GS to drive the STaR system only or both the STaR system and the UAS-Raf-GOF transgene, which did not affect Raf-mediated memory protection ( Figure S6A ). Brains from naive and trained flies were dissected and quickly fixed (20 and 120 min after training). Using Airyscan microscopy, we acquired images of BRP signals in the whole g lobe and partial magnification from naive and trained flies (MB-GS/STaR and MB-GS,UAS-Raf-GOF/StaR, RU486+) 20 and 120 min after training ( Figures 6A  and 6B , top panels). Image processing allowed us to calculate the intensities, numbers, areas, and volumes of the BRP puncta ( Figures 6A and 6B , bottom panel; Figures 6C-6F ). We found that BRP signals in naive flies were not significantly affected over 3 hr ( Figures S6B and S6C) . When compared to the naive condition, BRP signals in the g lobe were significantly increased after 20 min and returned to baseline within 120 min after learning (Figures 6A and 6C ). In contrast, backward training, which does not lead to memory production, caused no significant change in the BRP signal levels when compared to the naive group ( Figures  S6D and S6E) . Strikingly, additional overexpression of Raf-GOF (C) Overexpression of Raf-GOF (red bar) or Sqh-EE (pink bar) slowed down memory decay 3 and 6 hr after training when compared to the control group (white bar). Co-overexpression of both Raf-GOF and Sqh-EE (black bar) did not show further influence on Raf-or Sqh-dependent effect in prolonging memory retention. All fly groups were fed RU486 to induce transgene expression (n = 12-16). (D-F) Overexpression of Sqh-EE (elav-GS/UAS-sqh-EE, RU486+) led to significant resistance to memory loss caused by three types of disruption: heat stress (D), electric shock stress (E), and odor reactivation (F) (n = 12-14) . Results with error bars are means ± SEM. *p < 0.05. n.s., non-significant. See also Figure S5 and Table S2 . led to prominent persistence of this learning-induced increase in the BRP signal, which lasted for longer than 120 min ( Figures  6B and 6C ). This enduring BRP signal intensity was mainly due to increases in the sizes of the BRP puncta (both area and volume) rather than increased numbers of puncta ( Figures  6D-6F) . Thus, consistent with our hypothesis, elevated Raf activity resulted in the persistence of the learning-induced synaptic size increase. Taken together, our findings allowed us to propose a model indicating that learning-evoked Raf activation protects labile memory by maintaining the synaptic size increase through the MAPK/NMII pathway ( Figure 6G ).
DISCUSSION
More than a century ago, Ebbinhaus's pioneering studies on human forgetting indicated that about two-thirds of memory decays rapidly within a few hours after learning (Ebbinghaus, 1885 (Ebbinghaus, /1913 ). Since then, extensive studies have been devoted to the characterization of forgetting in psychology (Wixted, 2004) , but few to elucidate the biological nature of forgetting, particularly for fast-decaying memory (Davis and Zhong, 2017; Richards and Frankland, 2017) . Our successful dissection of Rac1-mediated forgetting and Raf-suppressed forgetting enabled us to prevent the decay of an identifiable fast-forgetting labile memory in more than 3 hr. The significance of these findings is discussed below.
Dissection of Distinct Forgetting Components
There are a number of signal transduction pathways or molecular and cellular elements reported in association with forgetting, such as increased phosphatase activity (Genoux et al., 2002) and AMPA receptor endocytosis (Migues et al., 2016; Sachser et al., 2016) , but only in the context of maintenance of longterm memory. The current study focuses on the fast-forgetting labile memory that lasts for about 3 hr. Here we show that forgetting of labile memory may be mediated by mechanistically independent components: newly characterized Raf-suppressed forgetting and previously reported Rac1-mediated active forgetting. Raf-suppressed forgetting is distinct from active forgetting in at least two ways. First, the underlying molecular feature of each type of forgetting is unique (Figures 3 and 4) . Manipulation of Rac1 activity, which regulates active forgetting, does not affect Raf/MAPK-suppressed forgetting. Conversely, manipulation of Raf/MAPK activity, which affects Raf-suppressed forgetting, does not affect Rac1-mediated active forgetting. Second, each type of forgetting may be induced by retroactive experiences associated with distinct cognitive features (Figures 4 and  S4) . Raf-suppressed forgetting of labile memory was induced by non-associative experiences dissimilar to the task that originally produced the memory. This study, for instance, includes such experiences as environmental temperature changes, electric shock alone, or odor reactivation. In contrast, active forgetting of labile memory is evoked by associative experiences similar to the task that originally produced the memory. These experiences include new similar learning and reversal learning (Shuai et al., 2010) . Inhibiting any of the two forgetting mechanisms could slow down short-term memory decay. However, only suppression of both Rac1-mediated and Raf-suppressed forgetting together led to the absence of labile memory decay for at least 3 hr. The nature of the slow decay after 3 hr remains to be determined.
However, an understanding of complete signaling pathways as well as relevant synaptic components is needed to fully validate the hypothesis of two independent forgetting components. In fact, the idea of two independent forgetting components for regulating the decay of a labile memory does raise concerns as to whether the two independent signaling pathways modify distinct synaptic components or converge to single synaptic component for regulation of memory decay. One intrinsically consistent explanation might be that the identifiable labile memory consists of two independent components and the decay of each is mediated through one of the independent forgetting components. It is interesting to note a report in which the aversive classical conditioning evokes two independent signaling pathways to form labile memory in g MB neurons (Zhang and Roman, 2013) .
The molecular mechanisms that cause Raf-suppressed forgetting of labile memory remain to be established. Some reports indicate that inhibition of the phosphatase calcineurin may lead to strengthened short-term memory (Malleret et al., 2001) . Such memory improvements caused by calcineurin inhibition require MAPK activation (Sharma et al., 2003) .
Learning-Activated Active Protection
Considerable evidence supports the existence of active maintenance mechanisms for working memory lasting for seconds (Miller and Cohen, 2001; Palva and Palva, 2007) and long-term memory lasting for days (Bailey et al., 2004; Kandel et al., 2014; Kasai et al., 2010; Sacktor, 2011) . However, we know little regarding whether there are specific molecular mechanisms for active protection of labile memory lasting for hours. Here we provide consistent evidence at the molecular, synaptic, and behavioral levels for the existence of a learning-activated Raf/MAPK/ NMII pathway mediating active protection of labile memory through maintenance of learning-induced synaptic structural changes. First, a single trial of aversive classical conditioning was capable of stimulating MAPK activity for a period of 15 to 30 min in the g lobe of the MB, where labile memory is formed. This was confirmed by western blot assays and immunostaining (Figure 1) . Second, genetic manipulations of the Raf/MAPK pathway targeted to the brain area contributing to labile memory formation not only modulated learning-activated MAPK activity, as expected, but also perturbed memory decay without affecting acquisition (Figure 2 ). Third, we defined active whiskers. The line inside the box indicates the median, and the top and bottom represent 75% and 25% percentiles, respectively. Whiskers, min to max (n = 20). *p < 0.05. n.s., non-significant. (G) Proposed model illustrating the Raf-mediated protection of learning-induced synaptic structural changes. See also Figure S6 . protection as protecting labile memory only from Raf-suppressed forgetting, but not from Rac1-mediated forgetting (Figures 3 and 4) . Fourth, using a behavioral screen, we identified NMII as a downstream target of the Raf/MAPK pathway mediating the effects of active protection. Manipulation of the identified gene produced all forgetting-related phenotypes yielded through genetic manipulation of either Raf or MAPK ( Figures  5B-5F ). Fifth, we describe a structure-based synaptic mechanism supporting the effects of active protection by showing that activated MAPK and NMII were close to each other with an active zone protein in the presynaptic compartment (Figure 5A ). To this point, since signal density may affect co-localization of signals even in super-resolution microscopy (Xu et al., 2016) , the relationships between these signals remain to be determined. Furthermore, we show that sustained Raf kinase activation prolonged learning-induced structural changes in synapses visualized in the brain area implicated in labile memory formation ( Figure 6 ). Taken together, all of the lines of evidence presented above support the presence of a molecular basis for active protection. Like the active maintenance mechanisms reported for working memory lasting for seconds and for longterm memory lasting for days, elevated activity in the Raf/ MAPK/NMII pathway protects labile memory lasting for hours from non-associative experiences, such as heat stress, electric shock stress, and repeated odor reactivation.
Learning Evokes Two Active Mechanisms to Manage Labile Memory
The traditional view of learning is confined to its function in acquiring memory. Our efforts in the dissection of forgetting lead us to adopt a new perspective depicted in Figure 7 . In addition to acquiring memory, learning activates at least two independent mechanisms to manage formed labile memory. On one hand, learning activates active forgetting to make decay inevitable. This intrinsic mechanistic or ''wanted'' decay can be regulated by associative experiences, such as reversal learning and interference, which would activate Rac1-dependent active forgetting to accelerate decay. On the other hand, learning activates active protection for a limited time period to protect labile memory from disruption through ''unwanted'' Raf-suppressed forgetting induced by non-associative experiences. Thus, it is possible to maintain complete stability of labile memory through suppression of both Rac1-and Raf-dependent forgetting.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS Fly Rearing and Stocks
Flies were raised on standard cornmeal food at 25 C and 60% humidity under a 12-hr light-dark cycle. Flies used in the TARGET system experiments were cultured at 18 C. The age/developmental stage of experimental models was 2-10 days after eclosion. Behavioral and biochemical experiments were performed with male and female flies. Imaging experiments were performed with female flies. Elav-GS and MB-GS were gifts from Dr. Ronald L. Davis. The stocks acquired from the Bloomington Stock Center were as follows:
ts (#7017 and #7019), UAS-MAPK-RNAi-31524 (#31524), and UAS-MAPK-RNAi-34855 (#34855). The UAS-Raf-RNAi-5796 (#5796), UAS-RafRNAi-5742 (#5742), UAS-sqh-RNAi-1223 (#1223), and UAS-sqh-RNAi-1868 (#1868) stocks were acquired from Tsinghua Fly Center. The c739 (O'Dell et al., 1995) , Repo-Gal4/TM6,Tb (glial Gal4; Xiong et al., 1994) , and w 1118 (isoCJ1) (Yin et al., 1994) flies were extant stocks in our lab.
METHOD DETAILS Transgene Induction
Two inducible systems for transgene expression, GeneSwitch (Osterwalder et al., 2001; Roman et al., 2001) and TARGET (McGuire et al., 2003) , were used in the current study. In the GeneSwitch system, RU486 feeding for two days was used to induce transgene expression. To induce STaR expression, flies were fed RU486 for 9 days. In the TARGET system, Gal4, together with Gal80 ts , was used to drive expression. Flies were raised at 18 C after the cross. Three-day-old flies were collected and divided into two groups. The induced group was transferred to a 31 C incubator for 6 days, while the uninduced control group was maintained at 18 C. Both groups were allowed to recover at 25 C for at least 1 hr before the behavioral experiments.
Behavioral Assays Two-to five-day-old flies were used for behavior experiments using a classical Pavlovian olfactory conditioning procedure (Tully and Quinn, 1985) . Briefly, flies were first transferred to a behavioral room at 25 C and 60% relative humidity to adapt to the environment for at least 30 min. During training, around 80 flies received the following stimuli successively: air for 90 s, an odor paired with 12 pulses of 60 V electric shock (CS+) for 1 min, air for 45 s, a second odor without pairing the electric shock (CS-) for 1 min, and finally air for 45 s. 3-octanol (OCT, 1.5 3 10 À3 in dilution; Sigma-Aldrich) and 4-methylcyclohexanol (MCH, 1.0 3 10 À3 in dilution; Fluka) were used as standard odorants. To test memory, trained flies were transferred into a T maze, where they were allowed 1 min to choose between two odors (CS+ and CSÀ). Memory retention was quantified using a performance index (PI) calculated based on the fraction of flies in the two T-maze arms. A PI of 100 indicated that all flies made the right choice to avoid the odor paired with the electric shock, while a PI of 0 indicated no memory retention, as reflected by a 50:50 distribution between the arms. To balance naive odor bias, two reciprocal groups were trained and tested simultaneously. One group was trained to associate OCT with electric shock, and the other was trained to associate MCH with electric shock. The complete PI was defined as the average PI of the two groups. For 3-min memory, flies were tested immediately after training. For longer memory retention, flies were placed in a fresh vial with the same contents as the vial they had been kept in before the training until the test. For the heat stress paradigm, flies that completed the initial learning were immediately exposed to four consecutive cycles of heat stress. In each cycle, the flies were sequentially transferred to a 37 C incubator for about 8 min and to a 4 C refrigerator for about 2 min. The flies were then transferred to the behavioral room at 25 C and 60% relative humidity until the test. Control flies without heat stress were maintained in a 25 C incubator until testing. For the electrical shock (ES) stress paradigm, 90 s after normal learning, the flies sequentially received 12 pulses of 120 V electrical shock for 1 min, air exposure for 9 min, 12 pulses of 120 V electrical shock for 1 min, and air exposure for 2.5 min. The flies were then transferred to fresh vials with the same contents as the vial they had been kept in before training until testing in the behavioral room, which was maintained at 25 C and 60% relative humidity. Control flies received the same treatment without the electrical shocks. For the odor reactivation paradigm, the flies immediately received 15 consecutive sessions of odor reactivation after learning. Each single odor reactivation training session consisted of exposure to the same odors as those used in the classical conditioning task, but not the electric shock. After odor reactivation training, the flies were transferred to the vial until testing. Control flies received the same treatment with air exposure instead of odor exposure.
For the reversal learning paradigm, the flies were retrained by another session but with the CS-US contingency reversed after learning (reversal learning). The odor (either OCT or MCH) that was paired with electric shock in the first session (learning) was not paired with electric shock in the second session (reversal learning) and vice versa. The flies were tested immediately after the reversal learning. Control flies were trained by one-session learning without following reversal learning.
For the interference learning, 1.5 hr after the initial learning (OCT/MCH), the flies were exposed to new learning with a novel pair of odors as CS+/CS-: ethyl acetate (EA, 2 3 10 À3 dilution, Alfa Aesar) and isoamyl acetate (IA, 2 3 10 À3 dilution, Alfa Aesar). The flies were tested at 3 hr after initial learning (OCT/MCH). Control flies were trained only by initial learning and tested at 3 hr later.
For the cold shock paradigm, the flies were transferred to empty vials and cooled in ice water (0 C) for 2 min. After the treatment, the anesthetized flies were allowed to recover in fresh food vials for 1 hr before memory testing.
